Abstract-This paper presented the dynamic characteristics and sensitivity analysis of the shaft of test machine based on finite element method and orthogonal design method. It is concluded that the top eight order natural frequencies (Hz) are 1673.3, 3666.6, 4421.8, 5713.8, 6612.9, 6656.8, 9550.9, 9617.5 based on modal analysis. The harmonic analysis results indicate that the third natural frequency is more likely to intensify initiation and propagation of the bending crack on the interference joint between specimen and shaft. It is concluded that the radius dimension parameters and the length parameters affecting more greatly the dynamic characteristics of shaft are R3, R1, R2 and L3, L4, L5, L1 through dynamic sensitivity analysis. The results above provide reference for dynamic optimization and design of the shaft and other shaft parts in the future.
I. INTRODUCTION As important drive parts of the machines or equipments, the shafts have to bear large torque and bending moment in the operation process of the machine. There exits vibrations in all directions in operating process due to the error in the manufacturing and installation of shafts. And there are large amount of harm brought to the equipments by the vibrations, such as equipment malfunction problem, structure vibration strength problem, personnel health loss and efficiency problem, vibration reliability problems of complex equipment system, vibration noise and pollution of the environment and so on [1] . When the frequency of external excitation meets structural natural frequency, there is likely to produce resonance, as a result, it will lead to a greater response and cause more damage. In the design of structures, designers will investigate the dynamic characteristics and the dynamic response of structures under operating conditions [2] [3] [4] [5] [6] . So it is necessary to investigate its dynamic characteristics when designing the shafts. In this paper, taking the test machine shaft as the objective, its dynamic characteristics such as natural frequency, vibration mode were obtained by modal analysis, and the natural frequency the most affecting its dynamic characteristics was analyzed by harmonic analysis, then taking the frequency as an index, the dynamic sensitivity analysis was carried out to explore the effect of structural parameters on dynamic characteristics. The analysis results above provide reference for the dynamic optimization and design of shafts.
II. DYNAMIC CHARACTERISTICS ANALYSIS OF SHAFTS BASED ON FEM

A. The Modal Analysis Results
Firstly, the FEM (finite element method) mode was established in ANSYS. In the process of modeling, some parts of the shaft structure were simplified, such as, the chamfer, tool withdrawal groove and so on [7] . 1 -Brake sleeve; 2 -Bearing; 3 -Specimen FIGURE I. THE SHAFT STRUCTURE
The material properties such as density, modulus of elasticity, Poisson's ratio are essential attributes of structures, and are independent of the geometric model [8] . In this paper, the material properties of the shaft structure are shown in Tab. 1 In ANSYS, the shaft was simulated by solid45. Solid45 is 3D solid structural element with 8 nodes, every one of which has three degree of freedom along the three axles. The FEM model (shown in Fig. 2 ) was divided into 39840 elements by sweep.
FIGURE II. THE FEM MODEL OF SHAFT
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FIGURE III. THE DISPLACEMENT RESPONSE OF SHAFT
In this paper, assuming that the displacement in Y direction of nodes on interference between the brake set and the shaft is zero. In the analysis, the constraints were changed based upon literature [9] because of the changes in the shaft structure. By the vibration theory, the lower order modes play a more important role in the process of structure vibration than the higher order modes, so, only the first 8 order modal was analyzed in this paper. The analysis results are shown in Tab. 2. 
B. Harmonic Response Analysis Results Based on FEM
There was a fracture on the interference between shaft and specimen near the chamfer, where the response amplitude of the vertical displacement was investigated in this paper. Under the vertical dynamic loads with different vibration frequency, the displacement response peak appeared in the third mode (shown in Fig. 3 ). The results of modal analysis above show that the third mode is the swing up and down of the interference and the right end of the shaft. It is concluded that the third mode is easier to aggravate the initiation and propagation of bend cracks on the interference between shaft and specimen by modal and harmonic analysis.
III. THE BASIC PRINCIPLE OF SENSITIVITY ANALYSIS BASED ON ORTHOGONAL TEST
A. The Basic Principle of Orthogonal Test [10]
Orthogonal test is a method of engineering test design, it is one of the main methods to study and process multi-factors test and have the characteristics of neat comparison and evenly spreading [11] .
Orthogonal and so on. In sensitivity analysis, the orthogonal table with two levels is selected in general. It is easy to construct the orthogonal table automatically with the help of computers and can relatively reduce the number of experiments so as to improve the computing speed.
In the orthogonal test design, the quality level of factors can be determined by range analysis (R-method). The quality level of the factor j can be judged by analyzing the mean value jk y of all j level values corresponding to y factors. The quality level value of factors reflects the effect of factors on test indexes. If the optimal level value is bigger than the inferior, the effect of factors to indexes is positive, namely, the larger is the value of the factor, more advantageous to the index. The primary and secondary of the factors can be judged according to the range S is given as follows:
Dynamic Sensitivity Analysis Based on Orthogonal Test
The analysis results above show that the third mode has the greatest effect on the dynamic characteristics of the shaft. Taking the frequency as the index, the dynamic sensitivity about dimensional parameters (as shown in Fig. 4 , radius dimension parameters and the length parameters are D1~D4 and L1~L9) was carried out.
FIGURE IV. THE GRAPH FOR SHAFT STRUCTURE SIZE PARAMETERS
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(1) The top eight natural frequencies obtained from the modal analysis are (Hz): 1673.3, 3666.6, 4421.8, 5713.8, 6612.9, 6656.8, 9550.9, 9617.5.
(2) The results obtained from the harmonic analysis is that the third mode is easier to aggravate the initiation and propagation of bend cracks on the interference between shaft and specimen.
(3) Taking the third natural frequency as the index, the dynamic analysis was carried out. The analysis results indicate that the radius dimension parameters and the length parameters affecting more greatly the dynamic characteristics of shaft are R3, R1, R2 and L3, L4, L5, L1.
The analysis results above provide the reference for the dynamic optimization and design of the shaft and other shaft parts.
